SUMMARY: Previous studies using diffusion tensor imaging to examine white matter in Niemann-Pick disease type C have produced mixed results. However, diffusion tensor imaging does not directly measure myelin and may be affected by other structural changes. We used myelin water imaging to more directly examine demyelination in 2 patients with Niemann-Pick disease type C. The results suggest that this technique may be useful for identifying regional changes in myelination in this condition.
N
iemann-Pick disease type C (NPC) is a progressive lysosomal storage disease caused by a mutation in the NPC1 or NPC2 gene leading to intracellular accumulation of cholesterol systemically and glycosphingolipids in the nervous system. Previous studies have shown reduced gray matter in a variety of cerebral regions, including the thalamus and hippocampus, 1 while others have correlated reductions in cerebellum gray matter with clinical severity scores. 2 Measures of white matter may also be useful, though studies using diffusion tensor imaging have provided mixed results, with some noting widespread changes in white matter tracts, 1 while others found localized reductions to specific structures. 3, 4 Nevertheless, callosal fractional anisotropy values and callosal volume correlated with clinical severity scores, 4 suggesting that indices of the integrity of white matter tracts could also be an objective gauge of disease status. Such findings are consistent with reduced myelination being a noticeable neuropathologic finding in NPC. 5 However, inferences about the status of myelin from measures of fractional anisotropy on diffusion tensor imaging can be problematic because fractional anisotropy can also be altered by a reduction in the number of axons or changes in axonal structure caused by swelling or abnormal branching. This is particularly relevant because animal NPC models have shown abnormal branching and swelling of axons. 6 Hence, a more direct in vivo measure of myelin may be clinically desirable. Here, we evaluated the use of myelin water imaging, 7 a technique that measures the amount of water present within the myelin of white matter tracts and has been used previously to measure abnormalities in multiple sclerosis, 8 to examine the distribution and extent of demyelination in 2 patients with NPC.
MATERIALS AND METHODS

Subjects
Patient 1 (P01) is a man who presented at 29 years of age. He developed a mild hand-action tremor at 16 years of age and slurring of speech at 17 years of age. In his early twenties, he developed progressive imbalance and incoordination of his hands. His examination showed a score of 29/30 on the Mini-Mental State Examination. He had slurred dysarthria, intention tremor, and limb dysmetria as well as truncal and gait ataxia. MR imaging showed mild cortical atrophy. Genetic testing showed 2 mutations in the NPC1 gene: allele 1 c.C3019G (p.P1007A) and allele 2 c.C2780T (p.A927V). He started N-butyl-deoxynojirimycin (Miglustat) in September 2008 (29 years of age) and was scanned at 33 and 34 years of age.
Patient 2 (P02) is a woman who presented at 26 years of age. A psychological assessment showed problems with visuomotor sequencing, complex verbal reasoning, and written expression. Otherwise, she had only noted some mild balance problems. She scored 29/30 on the Mini-Mental State Examination. She had mildly impaired tandem gait. MR imaging showed patchy confluent hyperintense white matter changes, most prominent in the posterior periventricular regions. Genetic testing showed 2 mutations associated with Niemann-Pick disease type C: exon 18 c.2621AϾT (p.Asp874Val) and exon 23 c.3508CϾG (p.His1170Asp). She began treatment with Miglustat in April 2011 (27 years of age) and was scanned at 28 and 29 years of age.
Fifteen healthy control subjects took part in this study. Eight men (mean age, 31.9 years) acted as control subjects for P01, while 7 women (mean age, 30.3 years) acted as control subjects for P02.
Imaging Parameters
A T1-weighted high-resolution structural scan (3D-T1-turbo field echo with sensitivity encoding: TR, 10 ms; turbo field echo, 3000 ms; TE, 6 ms; TI, 845.88 ms; 170 sections; FOV, 240 mm; voxel size, 1 ϫ 1 mm; section thickness, 1 mm) was collected as well as a multiecho axial gradient and spin-echo scan 7 for T2 measurement (TR, 1000 ms; TE, 10, 20, 30…320 ms; 20 sections acquired at 5-mm thickness reconstructed at 2.5-mm section thickness; in-plane voxel size, 1 ϫ 1 mm; sensitivity encoding, 2232 ϫ 192 matrix).
Myelin Water Fraction Analysis
The signal decay curve obtained by the T2 relaxation sequence was modeled by multiple exponential components, and the T2 distribution was estimated by using non-negative least squares with the extended phase graph algorithm. 7 The myelin water fraction (MWF) in each image voxel was computed as the ratio of the area under the T2 distribution with times of 10 -40 ms to the total area under the distribution. The MWF images were then registered to the T1-weighted anatomic scan.
To compare the patients' myelin water fraction maps with those of the healthy population, we matched a normative 3D atlas representing the mean and SD for myelin water fraction from each group of age-matched healthy controls. The healthy myelin water fraction maps were calculated, nonlinearly aligned to Montreal Neurological Institute standard space, and averaged. MWF maps for patients were also nonlinearly aligned to Montreal Neurological Institute space. For each voxel, a z score was calculated comparing the patient MWF values with the corresponding control group distribution.
The Juelich histologic white matter atlas in FSL (http://neuro.debian.net/ pkgs/fsl-juelich-histological-atlas.html) was used to create tracts of interest. Average MWF values from each fiber tract were then extracted and averaged across the hemisphere. MWF values from the patients were compared with those from aged-matched controls by using Crawford t-tests. 9 
RESULTS
Paired sample tests of the tract-of-interest analysis showed that the results were stable across the 2 visits for P01 [t(60) ϭ Ϫ1.62, P ϭ .11] and P02 [t(60) ϭ 1.44, P ϭ .15]; therefore, because our analysis of the results across visits showed high reproducibility and stability of data, we averaged data across the 2 visits. Figure 1 shows the average MWF z score maps for both patients, indicating the location of regions with reduced myelin compared with those of the controls. The patient with the less clinically severe condition (P02) showed focal, patchy reductions in MWF, while the patient with the more clinically severe condition (P01) showed extensive, widespread reductions across entire fiber tracts.
A global analysis for each of the 3 classes revealed that P01 had a reduction in MWF for projection [t(7) ϭ Ϫ2.46, P Ͻ .05, ϭ Ϫ2.61], association [t(7) ϭ Ϫ2.49, P Ͻ .05, ϭ Ϫ2.64], and commissural fibers [t(7) ϭ Ϫ2.41, P Ͻ .05, ϭ Ϫ2.56]. For P02, MWF values were not reduced in this global analysis, for association [t(6) ϭ Ϫ0.18, P ϭ .43, ϭ Ϫ0.2], projection [t(6) ϭ Ϫ1.09, P ϭ .16, ϭ Ϫ1.17], or commissural fibers [t(6) ϭ Ϫ1.33, P ϭ .12, ϭ Ϫ1.42]. Regional analysis of different tracts (Fig 2) revealed significant MWF reductions for P01 in 4 projection tracts, 4 association tracts, and 1 commissural tract. In P02, the less affected patient, only 2 commissural tracts showed significantly reduced MWF.
A paired-samples t test, collapsed across all fibers, showed significantly lower MWF for the patient with the more clinically severe condition, P01, compared with P02 [t(16) ϭ Ϫ4.488, P Ͻ .001].
DISCUSSION
We conducted a detailed examination of the distribution of reduced myelination in the cerebral cortex of 2 patients with NPC. In the clinically worse patient, there was reduced MWF in a large number of association fibers. We also observed large reductions of MWF in the corpus callosum of both patients, paralleling prior reports of reduced callosal fractional anisotropy 4 and cortical thickness of the corpus callosum 10 in this disorder. However, reductions in the MWF of projection tracts were only observed in the more clinically affected patient. The physiologic basis for regional variation in NPC remains unclear 1 ; nevertheless, this is a well-documented phenomenon in animal and human models. 11, 12 For example, in humans, some 
